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Both glassy carbon electrodes and carbon fibre microelectrodes were shown to accumulate Pb2+ ions at open
circuit, the amount of Pb2+ accumulated being determined by anodic stripping voltammetry in 0.1 M HCl
following the accumulation step. The mechanism of Pb2+ accumulation was investigated by studying the effects of
the pH of the solution, the concentration of Pb2+ and the preconcentration time on the amount of Pb2+
accumulated. For a 5 min preconcentration time at open circuit, using a glassy carbon electrode (4 mm diameter)
and a carbon fibre microelectrode (8 mm diameter), detection of around 10 nM Pb2+ was obtained for both
electrodes. The pH dependence of the amount of Pb2+ accumulated suggests that the Pb2+ ions are complexed by
carboxylate groups at the surface of the carbon electrodes. This conclusion is supported by results obtained using
basal plane and edge plane pyrolytic graphite electrodes and by studies of the effects of electrochemical oxidation
of the glassy carbon surface on the magnitude of the lead stripping peak.
Introduction
The chemical modification of electrode surfaces offers sig-
nificant opportunities for the development of improved ampero-
metric electroanalytical methods. The potential advantages of
using chemically modified electrodes include improvements in
sensitivity and selectivity of the electrode, as well as the ability
to detect species that show poor electroactivity at unmodified
electrode surfaces. A considerable number of papers dealing
with the determination of metal ions using chemically modified
electrodes have been published in the last few years.1 In general,
in these published studies, a preconcentration step, involving a
purely chemical process (for example ion exchange;2 com-
plexation;3–6 or precipitation7), is carried out at open circuit
followed by electrochemical measurement of the analyte,
preconcentrated at the electrode surface, in an analyte free
background electrolyte solution.
The use of microelectrodes in electroanalysis also offers a
number of particular advantages and as a consequence has been
an area of significant investigation. As a direct consequence of
their small size, microelectrodes exhibit several important
properties which are of advantage in electroanalysis: low
background current, low IR drop and enhanced mass transport
rates.8,9 The last property is particularly important since it
alleviates the need for stirring during the preconcentration step
and allows measurements in situ, as, for example, in the
development of hand-held sensors for field measurements. It is
therefore especially attractive to combine the advantages of
chemical modification of the electrode surface with the inherent
properties of the microelectrode, in order to develop enhanced
electroanalytical methods.
It is well established that oxidation of freshly polished carbon
surfaces produces carbon–oxygen functionalities, usually as-
sumed to be phenols, quinones, carbonyls, epoxides and
carboxylates.10 Although the existence of these surface oxides
is well established, the distribution between these different
species varies greatly, depending on the carbon substrate, the
polishing procedure and the length of exposure to the atmos-
phere. In addition, the number of surface oxide species can be
increased by either chemical or electrochemical treatment.
In this paper, the ability of freshly polished carbon electrodes
to concentrate lead ions (Pb2+) at open circuit, prior to
voltammetric measurement, and the mechanism involved in ion
uptake, has been investigated for both macroscopic glassy
carbon electrodes and for carbon fibre microelectrodes. The
work reported here provides the basis for the development of
electroanalytical lead(II) sensors not requiring the preparation of
mercury films or drops. This is advantageous since the
preparation of reliable mercury films is cumbersome, especially
for microdisc electrodes. It is also highly desirable to avoid the




All electrochemical experiments were carried out using an
Oxford Electrodes portable potentiostat in conjunction with a
purpose built low current potentiostat, and a Gould Series 6000
X–Y–t chart recorder. A conventional three-electrode cell
configuration was employed throughout, consisting of a
working electrode (glassy carbon 4 mm diameter, sealed in
Teflon; or carbon fibre 8 mm diameter, sealed in glass), a
platinum gauze counter electrode and a home-made saturated
calomel reference electrode (SCE). All potentials are reported
with respect to SCE. In addition, basal plane and edge plane
pyrolytic graphite electrodes (7 mm diameter) sealed in epoxy-
resin were used as working electrodes for mechanistic stud-
ies.
Chemicals
Analytical-reagent grade chemicals were used without further
purification. All aqueous solutions were prepared using water
purified by a Whatman RO 50 and Stillplus system. A 1 3
1023 M Pb2+ aqueous stock solution was prepared by dissolving
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lead nitrate in reagent-grade water. For the voltammetric
measurements, 0.1 M HCl was used as supporting electrolyte.
Electrode preparation
Before each set of experiments, the working electrodes were
polished with aqueous slurries of 1.0 and 0.3 mm (Buehler
Micropolish) on polishing cloth (Buehler Microcloth), and then
thoroughly rinsed with water. In order to remove any alumina
particles left on the surface, the electrodes were further polished
on a clean, wet polishing cloth and then again rinsed with
water.
Voltammetric measurement
Lead was chemically preconcentrated, under open circuit
conditions for 5 min, on the electrode surface from stirred
solutions containing between 2.0 3 1028 and 7.4 3 1026 M
Pb2+ at various pH values between 2.0 and 11.0. The pH of the
solutions was adjusted with either nitric acid or sodium
hydroxide solutions. Ammonium chloride buffer solutions
(1 mM) were also used for studies at pH 9.5 and 9.8. The
electrodes were then removed, rinsed with distilled water and
connected to the potentiostat (at 20.8 V) before being
immersed in the measuring cell. This was done to ensure the
reproducibility of the measurement by minimizing loss of Pb2+
from the electrode surface by complexation with Cl2. The
measuring cell contained 0.1 M HCl which had already been de-
aerated by sparging with argon for 8 min. The electrode was
held at 20.8 V for 30 s. Voltammetric measurements were then
performed by applying an anodic linear potential sweep from
20.8 to 20.2 V, at 50 mV s21. Electrode regeneration was
achieved, without repolishing, by cycling the electrode potential
twice between 20.8 and 20.2 V, in the same measurement
solution, while stirring the solution.
Results and discussion
In order to obtain electrode surfaces able chemically to
preconcentrate metal ions the presence of an appropriate
chemical functionality on the surface is required. This function-
alization of the electrode surface can be achieved through
several different approaches, including chemical and electro-
chemical treatments, chemisorption, composite formation and
polymer coating. In the present case, the functional groups are
generated by the oxidation of the highly reactive edge plane
carbon atoms at the electrode surface. In order to see whether
these oxygen functionalities could be used chemically to bind,
and thus preconcentrate, Pb2+ at the carbon electrode surface we
investigated the ability of different carbon surfaces to take up
Pb2+ ions under open circuit conditions. The amount of Pb2+
bound at the electrode surface was determined by reduction of
the preconcentrated Pb2+ ions followed by anodic stripping of
the metallic lead in 0.1 M HCl. A chloride-containing
electrolyte was chosen as supporting electrolyte for the
stripping voltammetry because the presence of species capable
of complexing the metal ion formed during the anodic scan
favours the oxidation reaction.
Fig. 1 shows linear potential sweep voltammograms obtained
in 0.1 M HCl, with both a carbon fibre microelectrode, and a
glassy carbon electrode, after 5 min preconcentration at open
circuit in a stirred solution of 1.0 3 1026 M Pb2+ at pH 9.8. As
can be seen both electrodes are able to accumulate lead ions.
Both give well-defined anodic stripping peaks at 20.51 V
(glassy carbon) and 20.47 V (carbon fibre microelectrode). The
narrow width of the stripping peaks is one indication that both
the electrochemical and subsequent chemical processes are fast.
The ratio of the geometric areas of the two electrodes is 2.5 3
105 yet the ratio of the stripping charges for the two electrodes
is 1 3 103, indicating that a higher coverage of bound lead ions
is present on the surface of the carbon fibre microelectrode.
Consequently, the ratio of the stripping current to the back-
ground current is significantly better for the microelectrode, as
can be seen by comparing the two voltammograms in Fig. 1. In
principle, this difference could be due to either enhanced mass
transport to the microelectrode by radial diffusion during the
preconcentration step or to the presence of a higher coverage of
binding sites at the microelectrode surface. We return to this
point below. However, whatever the reason for the difference it
means that the microelectrode is a better analytical tool for this
application.
Effects of the pH of the preconcentration solution
The effect of pH on the preconcentration step was investigated
over the range of pH values from 2.0 to 11.5, using the glassy
carbon electrode (Fig. 2). The largest response was obtained
between pH 9.5 and 10.0. Ammonium chloride buffer solutions
(1 mM) were also used for measurements at pH 9.5 and 9.8 and
gave results very similar to those obtained with NaOH solution.
Between pH 2 and 10 the response increases with increasing pH.
This result suggests that the Pb2+ ions are complexed by
carboxylate groups at the electrode surface. At acidic pH many
of the carboxylate groups will be protonated and unavailable to
complex Pb2+. The continuous change in response over 8 units
of pH is consistent with the behaviour of surface-bound
carboxylate groups which are known to show highly non-ideal
protonation equilibria in solutions of low ionic strength because
Fig. 1 Linear potential sweep voltammograms obtained in 0.1 M HCl
from 20.8 to 20.2 V, using (A) a carbon fibre microelectrode (8 mm
diameter), and (B) a glassy carbon electrode (4 mm diameter). In both cases
Pb2+ was accumulated at the electrode surface over a 5 min preconcentration
period at open circuit in 1.0 3 1026 M Pb2+ solution at pH 9.8. Initial delay
time at 20.8 V, 30 s; scan rate, 50 mV s21.
Fig. 2 Plot of stripping peak current versus the pH of the preconcentration
solution. Pb2+ concentration, 2.0 3 1027 M. All other conditions as in
Fig. 1.



























































of electrostatic interaction between the carboxylate ions.11, 12
We ascribe the decrease in response above pH 10 to the
formation of lead hydroxide complexes. A very similar pH
dependence for the preconcentration was observed for the
carbon fibre microelectrode, indicating that the same basic
surface chemistry applies for the two different electrodes.
Effect of the scan rate
The scan rate dependence of the lead stripping process was also
investigated. As expected for the stripping of a species from the
electrode surface, the peak current was proportional to the
sweep rate for both electrodes up to at least 200 mV s21
(Fig. 3).
Effect of the preconcentration time
Fig. 4 shows the effect of varying the preconcentration time on
the response for the glassy carbon electrode and carbon fibre
microelectrode for a solution containing 1.0 3 1026 M Pb2+. As
for any technique employing a preconcentration step, the choice
of preconcentration time has a significant effect on the size of
the stripping peak. For short preconcentration times the
stripping peak increases linearly with increasing preconcentra-
tion time. For long preconcentration times, in this case above
8–10 min, the size of the stripping peak attains a constant value.
This behaviour is either due to the saturation of the binding sites
at the electrode surface, if the binding is irreversible, or to the
attainment of equilibrium between the bound Pb2+ and the ions
in solution. As can be seen from Fig. 4 the results for the glassy
carbon electrode (Fig. 4A) and the carbon fibre microelectrode
(Fig. 4B) are very similar. Since for both electrodes the size of
the stripping peak increases further at higher Pb2+ concentra-
tions (see below) we conclude that the adsorption process is
reversible.
Effect of Pb2+ concentration
Fig. 5 shows the relationship between the magnitude of the
stripping peak current and the Pb2+ concentration over the range
from 4.0 3 1028 to 9.0 3 1026 M Pb2+ for a fixed
preconcentration time of 5 min. Fig. 5A shows the results for the
glassy carbon electrode whereas Fig. 5B shows the correspond-
ing results for the carbon fibre microelectrode. In both cases, at
low concentration the response increases linearly with Pb2+
concentration and then reaches a plateau at high concentrations.
Again, the behaviour is similar for the two types of electrode
and consistent with complexation of the Pb2+ by binding sites at
the electrode surface. For the glassy carbon electrode the
response is linear from 0.045 to 2.2 mM (r = 0.9994), while for
the microelectrode the linear range extends to 4.4 mM (r =
0.9996). Comparing the glassy carbon and carbon fibre
electrodes we can see that the glassy carbon surface saturates at
a slightly lower Pb2+ concentration. From the area under the
stripping peak obtained under saturation conditions we can
deduce the maximum surface coverage of Pb2+ ions at each
electrode, and thus estimate the surface density of binding sites.
From these calculations we obtain saturation coverages of 2.5 3
10210 mol cm22 for the glassy carbon electrode and 1.3 3 1027
mol cm22 for the carbon fibre microelectrode based upon the
geometric areas of the two electrodes. These values do not take
account of any differences in the surface roughness of the two
electrodes. However, scanning electron microscopy studies
suggest that for the polished electrodes the surface roughness
for the glassy carbon and for the carbon fibre electrodes is
similar. From the values for the saturation coverage, it is clear
that the concentration of binding sites at the carbon fibre
microelectrode is significantly greater than at the glassy carbon
surface and this, rather than the enhanced rate of mass transport,
accounts for the greater sensitivity of the microelectrode in our
experiments. The saturation coverage found for the glassy
carbon electrode is consistent with the existence of a sub-
monolayer coverage of surface oxide species as pointed out by
McCreery.10
Fig. 3 Influence of the scan rate on the stripping peak current intensity for
5 glassy carbon electrode and -, carbon fibre microelectrode. Pb2+
concentration, 1.0 3 1026 M; 3 min preconcentration time, each point is the
average of three measurements. All other conditions as in Fig. 1.
Fig. 4 Influence of the preconcentration time on the stripping peak current
for (A) glassy carbon electrode and (B) carbon fibre microelectrode. Pb2+
concentration, 1.0 3 1026 M. All other conditions as in Fig. 1.
Fig. 5 Influence of the Pb2+ concentration on the stripping peak current for
(A) glassy carbon electrode, and (B) carbon fibre microelectrode. All other
conditions as in Fig. 1.



























































Studies of the mechanism of Pb2+ accumulation
In order to understand better the Pb2+ accumulation at the
carbon surface, we carried out some experiments using edge
plane and basal plane pyrolytic graphite electrodes. Because of
the inherent anisotropy in the structure of graphitic carbon, the
chemical properties of edge and basal plane pyrolytic graphite
are very different. On the basal plane the oxygen-to-carbon ratio
is very low (O:C = 0.02) but increases on polishing to 0.11 due
to disruption of the graphitic layers, whereas for the edge plane
surface the corresponding ratio can be as high as 0.33.13 Thus,
we expect much greater accumulation of Pb2+ on the edge plane
as compared with the basal plane. Fig. 6 shows the direct
comparison of the response at edge plane, basal plane and
polished basal plane electrodes. As predicted the largest
response is obtained with the edge plane electrode. In addition,
we find that polishing leads to an increase in the response for the
basal plane electrode. The results in Fig. 6 are fully consistent
with the direct involvement of surface carboxylate groups in the
accumulation of Pb2+ at the electrode surface.
It is well known that electrochemical oxidation of carbon
electrodes significantly increases the number of oxygen func-
tionalities at the surface10,14–16 and this approach is often used
to activate carbon electrodes. To test whether electrochemical
oxidation would enhance Pb2+ accumulation, the glassy carbon
electrode was electrochemically oxidized by cycling the
potential six times between 20.5 and 1.8 V (vs. SCE) in 1 M
H2SO4 at 150 mV s21.15 Fig. 7 shows a direct comparison of the
stripping responses obtained for the glassy carbon electrode
before (A) and after (B) the electrochemical treatment. There is
an obvious, and striking, increase in the response for the
electrochemically oxidized electrode with a 25-fold increase in
the peak intensity for lead stripping.
Conclusions
In this paper we have presented the first study of the open circuit
accumulation of Pb2+ at glassy carbon and carbon fibre
electrode surfaces. Based on our studies of the effects on the
amount of Pb2+ accumulated at the electrode surface of the
concentration of Pb2+, the accumulation time, and the pH of the
solution we conclude that the Pb2+ ions are reversibly
complexed by carboxylate groups present on the oxidized
carbon surface. This conclusion is supported by studies using
orientated pyrolytic graphite electrodes and by the investigation
of the effects of the electrochemical oxidation of the glassy
carbon electrode surface.
Comparing the glassy carbon electrode and the carbon fibre
microelectrode we find that the coverages of Pb2+ accumulated
at the carbon fibre surface are around 1000 times greater than at
the glassy carbon surface under identical conditions. This
difference arises because the concentration of binding sites for
Pb2+ (based on the geometric areas of the electrodes) is 1000
times larger at the carbon fibre surface. Nevertheless, despite
this large difference in the coverages of binding sites at the
surfaces of the two electrodes we find that they show very
similar affinity for Pb2+ and similar pH dependence. The higher
coverage of binding sites at the carbon fibre surface makes this
electrode the most suitable of those investigated here for the
analytical determination of Pb2+ at low concentration by
accumulation at open circuit and anodic stripping voltam-
metry.
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Fig. 6 Linear potential sweep voltammograms obtained in 0.1 M HCl, for
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basal plane, and (C) edge plane. In each case the Pb2+ was accumulated at
the electrode surface over a 5 min preconcentration period at open circuit in
2.0 3 1026 M Pb2+ solution at pH 9.8. Initial delay time at 20.8 V, 30 s;
scan rate, 50 mV s21.
Fig. 7 Linear potential sweep voltammograms obtained in 0.1 M HCl,
using a glassy carbon electrode, before (A) and after (B) electrochemical
treatment in 1 M H2SO4. In both cases Pb2+ was accumulated at the
electrode surface over a 5 min preconcentration period at open circuit in 2.0
3 1026 M Pb2+ solution at pH 9.8. Initial delay time at 20.8 V, 30 s; scan
rate, 50 mV s21.
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